Abstract-Alternative notions on the reduction mechanism of crystalline metal oxides during the electrolysis of CaCl 2 melts, which has been actively discussed worldwide in scientific publications over the last 15 years, are described. It is shown based on the known experimental data on the nature of the Ca-CaCl 2 solution and its reduction properties that metal oxides can reduce without direct contact with the cathode in the volume of a homogeneous Ca-CaCl 2 salt near cathode, i.e., catholyte. The reducing agent is calcium dissolved in a form of Ca + cations in this case. The reaction surface area multiply increases in this case, which favorably affects the course of heterophase chemical reactions. The method of introduction of Ca + ions into the salt melt can be both by electrolysis of CaCl 2 or due to the dissolution of metal calcium, and it does not vary the essence of our process model.
INTRODUCTION
In 1998, scientists from the Cambridge University received a patent [1] devoted to the removal of oxygen from metal oxides and its solid solutions by electrolysis of molten salts. As the latter, the authors used CaCl 2 and BaCl 2 and their mixtures with NaCl. In 2000 and 2004 [2] [3] [4] , they again proposed two variants of the mechanism of this process, which was called the FFC Cambridge Process. Currently, to denote the entire circle of mentioned phenomena and processes, the term "electrodeoxidation of oxides" is most often used in foreign publications [5] [6] [7] .
The main notions of studies [2] [3] [4] are used when interpreting new investigations devoted to the fabrica tion of various metals and alloys during the electrolysis of CaCl 2 based melts [8] [9] [10] . To date, several hun dreds of articles for this theme are published in several hundreds of scientific journals worldwide, but there is no data on any practical implementation of this pro cess, at least at the stage of pilot installation.
We assume that the reason for such a situation is the insufficiently clear notions on the process mechanism and its limiting stages. Therefore, we described our notions on the reduction mechanism of oxides during the electrolysis of CaCl 2 based melts in the form of a hypothesis in this article.
First, in order to conveniently analyze the totality of chemical and electrochemical processes determin ing the essence of the phenomenon "electrodeoxida tion of oxides," we consider it necessary to divide them into two groups differing by the objects of inves tigation and mechanisms of their implementation:
(i) electrochemical recovery of nonmetallic impu rities from liquid and solid metals in CaCl 2 based melts;
(ii) direct electrochemical reduction of oxides on a cathode with the formation of metallic powders.
The mechanism of the first group does not cause any questions and is not considered in this article.
DEVELOPMENT OF NOTIONS ON THE PROCESS
The technology of the process under study is as fol lows in short. Pellets of loosely compacted oxides or their mixture, which are in contact with an iron cath ode (iron does not interact with calcium), are placed into the CaCl 2 melt and are reduced during its elec trolysis. The product of reduction is a sponge precipi tate of metal or alloy impregnated with salt and weakly fastened with the iron cathode.
It is known from the theory of electrical deposition of metals, alloys, and electroconductive compounds Reduction Mechanism of Oxides in Calcium Chloride Melts N. I. Shurov*, A. P. Khramov**, Yu. P. Zaikov***, V. A. Kovrov****, and A. V. Suzdal'tsev***** from molten salts that, in the initial stage of formation, the precipitate is densely (often in a diffusion manner) is associated with a cathode substrate-such an elec troreduction process is called "primary." If the cath ode precipitate has no fastening with the substrate, such a process is called "secondary." In its essence, this is a chemical process, and the role of the electrolysis is only in the reproduction of the reducing agent, which is the metal dissolved in solvent salt-alkali or alkali earth, depending on the selection of solvent [11] .
Thus, the FFC Cambridge process of reduction of oxides with the formation of sponge metal, which was described by the authors of [2, 3] , has all the signs of the secondary chemical process.
To illustrate the above described notions, let us present the data on the solubility of metal calcium in molten salts CaCl 2 and CaCl 2 -CaO, as well as on the occurrence form of dissolved calcium.
The solubility of calcium (S Ca , mol %) in the CaCl 2 molten salt with well removed moisture traces depending on temperature (T, K) is calculated according to [12] by the equation (1) This resulted in values at T = 1073 and 1173 K of 1.96 and 3.16 mol %, respectively.
Acute discussions were relative to the occurrence forms of calcium dissolved in the CaCl 2 melt. The authors of [13] (1961) and [14] (1964), based on the reference review and their own data, concluded that calcium is dissolved in molten chloride preferentially according to the reaction (2) This fact is confirmed experimentally by the results of electrochemical studies [15, 16] , according to which the reaction of formation of the calcium solu tion in salt occurs before the attainment of the isola tion potential of metallic calcium ( = -3.28 V at T = 1073 K) at the cathode inert with respect to it in region E from -3.00 to -3.28 V (relative to a chlorine reference electrode):
Thus, the Ca + ions can be introduced into the CaCl 2 solution not only by the chemical dissolution of Ca met in it according to reaction (2), but also during
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e Ca sol + . → + the electrolysis of the CaCl 2 melt using inert cathodes (Fe, Mo, W).
The solubility of calcium in molten CaCl 2 -CaO mixtures depending on temperature was determined in [17] . The results are presented in the table.
In the beginning of the 20th century, many research ers tried to isolate pure CaCl salt but failed [18] . It was clear later that the structure of the Ca + (4s 1 ) electron shell is relatively stable only at high temperatures, and even under such conditions the Ca + ion tends to give its only electron from the 4s level to any oxidant to acquire a stable electron shell of argon, which is char acteristic of the Ca 2+ ion. For this reason, Ca-CaCl 2 solution-melts have strong reduction properties, and they become close at a limiting concentration of dissolved metal. If any oxi dants are introduced into these melts, for example, Me n+ ions or MeO n/2 oxide, they will be reduced to metal without the direct participation of electrons from the cathode, i.e., in the electrolyte bulk.
ANALYSIS OF ELECROREDUCTION
OF METAL OXIDES In 1967, the authors of [19] attempted to fabricate titanium from oxide TiO 2 situated in contact with iron cathode by electrolysis of CaCl 2 , but did not attain the necessary purity of metal by the oxygen impurity.
The authors of [20] (1988) presented the results of soft calcium thermal reduction of Nd from Nd 2 O 3 in the CaCl 2 -Ca-NaCl melt. Calcium granules were on the surface of the salt melt, while Nd 2 O 3 was dispersed in its bulk. Thus, in our opinion, Nd 2 O 3 was reduced by dissolved calcium in a form of Ca + ions in the salt melt bulk. Metallic Nd fabricated from oxide was absorbed by liquid zinc on a crucible bottom with the alloy formation.
In 1997, the authors of [21] fabricated the tantalum powder from Ta 2 O 5 by the electrolysis of the CaCl 2 melt; the reducing agent of oxide was dissolved cal cium, which was introduced into the salt melt by two methods: in a granulated form from the surface of the salt melt and in the atomic form from the iron cathode during the electrolysis of CaCl 2 (particles of calciumatoms or their agglomerates, which immediately enter the reaction with oxide, are formed at the cathode during the electrolysis). The gross reduction reaction of oxide looked as follows: (4 
and then oxide is reduced by metallic calcium: (6) (ii) the direct reduction of oxide by electrons at the cathode at a potential smaller than the isolation potential of calcium:
The authors of [2] considered that the reduction of oxide according to electrochemical reaction (7) is more probable and confirmed this statement by the results of voltammetric measurements considering that the potential of the peak, which precedes the isolation peak of calcium according to reaction (5), corresponds to the potential of reaction (7) . The same concept of reduc tion of any oxide is in the general form presented in [3] (2004) and later studies [8] [9] [10] [22] [23] [24] [25] [26] [27] [28] .
It is known that oxygen in crystalline oxides is in the form of O 2-anions, i.e., in the limitedly reduced form; therefore, only cations of oxides can reduce at the cathode.
We can present the following arguments against the concept of the direct cathode reduction of any non conducting oxide by reaction (7):
(i) the actual area of points of contact of separate oxide crystals with the cathode surface is negligibly small (see figure) ;
(ii) the CaCl 2 melt wets oxide crystals very well [29] and therefore penetrates by a thin layer between them and a cathode, thereby lowering the actual contact area of oxide with the cathode surface and, conse quently:
(iii) the current force of the direct reduction of oxide according to reaction (7) should be very low;
(iv) due to the passage of the current through the electrolyte film, the reduction of cations Ca 2+ of solvent salt to Ca + should start at the cathode according to reac tion (3), and then the secondary reduction of oxide at the "film-metal oxide (MeO)" interface should occur according to chemical reactions of the type (8) (9) The Ca + cations are able to reduce any oxide, or, more exactly, only cations in its crystal lattice. In turn, to conserve the electroneutrality of the oxide crystal, any O 2-anion from its surface should transfer into the salt melt, be transferred with electrolyte flows to the anode, and discharge on it to O 2 on an inert anode [9, 30, 31] or participate in the electrochemical com bustion of carbon on the interacting carbon anode with the formation of CO and CO 2 [2] [3] [4] [5] [6] [7] [8] [9] [10] .
The initial oxide can be secondarily reduced in one stage, for example, by the reaction (10) or in several stages [10] : (11) (12) (13) The following conclusions follow from the above presented data on the totality of chemical and electro chemical processes.
(I) Reactions (8)- (13) are chemical and cannot occur not only in the near cathode layer of electrolyte (catholyte), but in its bulk as well. In this case, not only do oxides compacted in the pelleted form, but their suspension can reduce as well, as is shown in [20] .
(II) If reduced oxide is able to form a double oxide with CaO, it will be obligatorily formed on the surface of simple oxide, strongly decreasing its total reduction rate [10] . In our opinion, the reduction rate of MeO n at the cathode or in the catholite will be limited by the transfer stage in this case, which is diffusion by nature, of O 2-anions from oxide into the salt melt though a sponge layer of reduced metal, pores and capillaries of which, most probably, are filled with double oxide and melt saturated with respect to CaO. The presence of a double oxide in pores complicates both the transfer of O 2-anions and arrival of Ca + cations (more exactly, electrons from these cations) to the reaction front of oxide reduction.
(III) The denser the sponge layer of metal on the oxide surface is, the more hampered the output of O 2- anions from oxide into the salt melt is. Consequently, the further increase of the cathode current density will not lead to an increase in the reduction rate of oxide, but the excess current will be totally consumed to the senseless reproduction of the reducing agent-Ca + cations, which will be oxidized at the anode.
(IV) The highest concentration of the Ca + reducing agent during electrolysis is constantly reproduced at the cathode; consequently, the reduction front of oxide crystals moves with time in the direction from the cathode, forming the illusion of electrochemical reaction (7) for the observer.
(V) Due to the effect of factors described above in points (I)-(IV), any oxides are reduced preferentially according to the secondary reduction mechanism by Ca + cations, including electroconductive ones (TiO, Ti 2 O 3 , FeO, Fe 3 O 4 , CuO, and Cu 2 O). In the last case, both mechanisms are probably implemented simulta neously-both the primary and secondary reductions. The ratio between the rates of these competitive pro cesses depends on the current density and on the degree to which the electrical conductivity of oxide is lower than that of the electrolyte.
(VI) The second product in reactions (8)- (13) is calcium oxide, which possesses high solubility in mol ten CaCl 2 (S CaO = 10.0, 20.0, and 21.4 mol % at T = 1073, 1123, and 1173 K, respectively) [32] . If insufficiently dehydrated CaCl 2 salt is molten in the beginning of the experiment, its melt will contain a considerable amount of dissolved CaO due to high temperature hydrolysis.
(VII) To exclude the transfer of Ca + cations of the reducing agent to anode by electrolyte convective flows and its reaction with oxygen dissolved in anolyte, which will strongly reduce the current yield, (14) the cathode and anode electrolyte spaces should be separated by a diaphragm made of the solid electrolyte with conductivity with respect to the oxygen anion, for example, ZrO 2 (YO 1.5 trode. Since dissolved calcium is able to reduce almost any oxide to metal, the search for the diaphragm material becomes the irresolvable problem.
(VIII) In many published studies, in order to lower the temperature of the FFC Cambridge process, instead of pure CaCl 2 melt, its mixtures with KCl and NaCl are used [27, 28, 32] . A decrease in the CaCl 2 liquidus temperature due to KCl and NaCl additives also has negative consequences:
(i) the solubility of CaO in these melts strongly drops, which increases the formation probability of double oxides on the surface of simple reduced oxides;
(ii) the diffusion stage of O 2-anions along capillar ies of sponge reduced metal is retarded for the subse quent transition into the salt melt.
Both factors considerably lower the total rate of oxide reduction.
All presented notions are referred in equal degree to the FFC Cambridge process performed in the BaCl 2 melt, since the solubility of barium in its chloride is even higher than that of calcium in CaCl 2 .
Thus, it follows from the above described notions on the reduction mechanism of oxides at the cathode or near it during an electrolysis of the CaCl 2 melt (either BaCl 2 or mixture of these salts CaCl 2 -BaCl 2 ) that the FFC Cambridge process has fundamental irremovable disadvantages which do not allow one to scale it even to a pilot stage of electrolytic fabrication of metals immediately from oxides.
CONCLUSIONS
Based on the known experimental data on the nature of the Ca-CaCl 2 melt and mechanism of the cathode process in the CaCl 2 based melts, an alterna tive hypothesis on the reduction mechanism of crys talline metal oxides during the electrolysis of such melts is described.
It is shown that metal oxides can reduce without the direct contact of oxide crystals with the cathode in the melt bulk near the cathode. The Ca + cations of the lowest degree of oxidation serve as the reducing agent in this case.
